Introduction
============

The first gene alteration identified in hematologic malignancies was the Bcr-Abl fusion kinase caused by the Ph1 chromosome t(9:22) in patients with chronic myeloid leukemia (CML).^[@r01])^ Bcr-Abl was detected in most CML patients, and it was thought that the specific chromosomal translocation was the sole cause of the disease. In fact, Bcr-Abl induced CML-like diseases in transgenic mice as well as in mouse bone marrow transplant (BMT) models where bone marrow cells transduced with Bcr-Abl are transplanted to irradiated mice.^[@r02],[@r03])^ In addition to Bcr-Abl, many fusion genes caused by chromosomal translocations were identified, some of which were specific to particular types of leukemia; Runx1-ETO for AML-M2 and PML-RARa for AML-M3 (acute promyelocytic leukemia:APL). However, it was experimentally shown that these fusion genes were not by themselves able to efficiently induce the corresponding leukemia in mouse models.^[@r04],[@r05])^ In addition, more than two gene alterations --- including fusion genes, deletions and point mutations --- were identified in clinical samples of AML patients, suggesting that multiple mutations are required for leukemogenesis, as it is the case with solid tumors.

Two-step model of leukemogenesis
================================

The hypothesis that multiple mutations are required for leukemogenesis was experimentally proven for the first time by a group in the USA using transgenic mice of PML-RARa. Only 15--20% of the transgenic mice developed AML-M3-like leukemias with long latencies. However, retrovirus-mediated transduction of FLT3-ITD (internal tandem duplication), a constitutively active mutant of tyrosine kinase receptor FLT3, to bone marrow cells of PML-RARa transgenic mice induced AML-M3-like disease in all of the transplanted mice with short latencies.^[@r05])^ The same group also demonstrated that FLT3-ITD by itself was capable of inducing MPN in mice.^[@r06])^ Based on these results, a "two-step model of leukemogenesis" was proposed.^[@r07])^ In this model, leukemia-associated gene alterations were divided into two groups: class I mutations included activating mutations of tyrosine kinase receptors such as FLT3-ITD and oncogenes such as N-Ras as well as inactivation mutations of tumor suppressors including p53, inducing cell proliferation or inhibiting apoptosis. On the other hand, class II mutations include inactivating mutations of transcription factors such as AML1/Runx1 and chromosome modification enzymes such as MLL that hamper cell differentiation (Table [1](#tbl01){ref-type="table"}). It was conceivable that hematopoietic cells whose differentiation is blocked by class II mutations would proliferate with class I mutations, leading to development of leukemia. In fact, combination of class I and class II mutations has been shown to induce AML in a variety of mouse models.^[@r08]--[@r14])^

Among the gene alterations, C/EBPα is unique because two distinct C/EBPα mutations seem to play either class I or class II-like roles in inducing leukemia. C/EBPα is a transcription factor involved in the differentiation of granulocytes as well as adipocytes. On one hand, C/EBPα also has some features of a tumor suppressor; C/EBPα knockout increases the number of hematopoietic stem cells and enhances their proliferation.^[@r15])^ Mutations of C/EBPα are found in 10% of AML patients without chromosomal translocations. There are two types of mutations: C-terminal mutations disrupt the DNA binding activity while N-terminal mutations disrupt full-length C/EBPα, leaving an N-terminal truncated form of C/EBPα which is a naturally occurring dominant-negative form.^[@r16])^ Both mutations could inhibit the functions of the wild-type C/EBPα. Interestingly, C-terminal and N-terminal mutations were frequently found in the different alleles of the C/EBPα gene in the same patient. That is, 70% of AML patients harboring a C/EBPα mutation on one allele carried a distinct mutation on the other allele,^[@r17])^ suggesting co-operability of N- and C-terminal mutations of C/EBPα in leukemogenesis. In fact, this has been experimentally proven using a knock-in mouse^[@r18])^ or a BMT model.^[@r19])^ In the BMT model, we demonstrated that the C-terminal mutant but not the N-terminal mutant of C/EBPα efficiently blocked the differentiation of hematopoietic cells and collaborated with a representative class I mutation FLT3-ITD in inducing acute leukemia with very short latencies. This result indicated that the C-terminal mutant plays class II-like roles in inducing leukemia.

Myeloproliferative neoplasm (MPN) is caused by class I mutations
================================================================

As stated above, one of the class I mutations Bcr-Abl induced chronic myelogeneous leukemia (CML)-like disease in transgenic mice as well as BMT models. Later, another class I mutation, an activating mutation of a tyrosine kinase JAK2 was identified in MPN including polycytemia vera (PV), essential thrombocytosis (ET) and myelofibrosis (MF).^[@r20]--[@r23])^ Like Bcr-Abl, the mutant JAK2 JAK2-V617F induced MPN including PV or ET in the transgenic mouse models.^[@r24],[@r25])^ It seems that the expression levels of JAK2-V617F determines the phenotypes of the disease. In MPN patients, in addition to the JAK2 mutation, mutations of MPL, Lnk and Calreticulin (CALR) have been identified which are exclusive with the JAK2 mutation.^[@r26]--[@r29])^ MPL mutations induced constitutive activation of signaling pathways like JAK2-V617F and induced MPN in mouce models.^[@r26])^ How the CALR mutation induces MPN is not clear at present; however it has been reported that the CALR mutation induced constitutive activation of transcription factor STAT5, a major downstream target of JAK2, and autonomous proliferation of an IL-3-dependent cell line Ba/F3.^[@r29])^ Some other class I mutations such as activating mutations of Ras and fusion kinase FIP1L1-PDGFRα was reported to induce MPN in mouse models^[@r30]--[@r32])^ although it is not known if these mutations induce MPN in humans. These results indicated that class I mutations alone could induce MPN by inducing proliferation and inhibiting apoptosis of hematopoietic cells.

Myelodysplastic syndromes (MDS) is caused by class II mutations
===============================================================

MDS is characterized by pancytopenia, myelodysplasia, increased apoptosis and frequent progression to leukemia. MDS is a heterogenous disease, associated with a variety of chromosomal abnormalities including 5q-, 20q-, 7q-, and inv(3)(q21;q26). Until quite recently, point mutations or frame shift mutations had been identified only in a restricted number of genes including Runx1/AML1,^[@r33])^ C/EBPα^[@r34])^ and Ras^[@r35])^ in MDS patients. Ras mutations, categorized as class I mutations, are known to be associated with progression of MDS to AML (MDS/overt leukemia). In the same context, C/EBPα mutations are found in AML patients more frequently than in MDS patients, and it was reported that an N-terminal C/EBPα mutation was identified in a patient progressing to acute leukemia.^[@r36])^ These results implicated that the N-terminal C/EBPα mutation as well as Ras mutations played a role as a class I mutation in the progression of MDS to AML. This is consistent with our results that the C-terminal mutation plays class II-like roles and collaborates with the N-terminal mutant of C/EBPa in leukemogenesis.^[@r19])^ However, it is not clear at present whether C-terminal mutations of C/EBPα could induce MDS in patients. In our BMT model, C-terminal mutations of C/EBPα, which are believed to play class II-like roles in leukemogenesis, never gave rise to MDS-like symptoms in the transplanted mice,^[@r19])^ but induced AML in the transplanted mice with long latencies.^[@r37XX])^

There have been several MDS models in mice. Among them, one established by Lin *et al.* well recapitulated human MDS. They established transgenic mice expressing a fusion gene, NUP98-HOXD13, caused by t(2;11)^[@r37])^ and found that these mice displayed pancytopenia, ineffective hematopoiesis with increased apoptosis, myelodysplasia, and frequent progression to acute leukemia --- all common features of human MDS. The NUP98-HOXD13 fusion is found in patients with MDS as well as those with AML, and it has been recently reported that the combination of FLT3-ITD and NUP98-HOXD13 induced AML in a mouse model.^[@r38])^ These results suggested that NUP98-HOXD13 played class II-like roles in MDS pathogenesis and induced AML in concert with a class I mutation, FLT3-ITD.

It was also reported that either heterozygote mice for nucleophosmin 1 (NPM1) or overexpression of Evi1 induced MDS-like symptoms. NPM1 is a nucleolar protein with an important role in ribosome biogenesis and is frequently mutated in AML patients, losing its nucleolar localization and gaining cytosol localization.^[@r39])^ It is known that point mutations of NPM1 frequently co-exist with a representative class I mutation FLT3-ITD in AML patients, implying that the NPM1 mutations play class II-like roles. Nonetheless, it has been suggested that the NPM1 mutant plays rather class I-like roles; the NPM1 mutant localizing in the cytoplasma inhibits PTEN or Bax, and induces the survival or proliferation of the cells, playing rather class I like roles.^[@r40],[@r41])^ At present, it remains elusive how NPM1 mutations contribute to MDS pathogenesis and leukemogenesis.

Whether Evi1 overexpression plays class II-like roles is also not clear. In our hands, overexpression of Evi1 rather induced AML with a long latency in the transplanted mice in concert with C/EBP β overexpression caused by retroviral integration.^[@r42])^ In addition, Evi1 represses PTEN, leading to the activation of the PI3K-Akt pathway,^[@r43])^ suggesting that overexpression of Evi1 rather plays a class I-like role. Consistent with the class I/class II hypothesis, in our BMT model, a class II mutation Runx1 mutant D171N (Runx1-D171N) induced MDS-like symptoms and that co-expression of Evi1 with the mutant Runx1 induced AML in the transplanted mice,^[@r44])^ again suggesting that Evi1 overexpression plays class I-like roles. In fact, one patient out of fifteen with MDS/MPN harboring Runx1 mutations was found to express a high amount of Evi1.^[@r45])^ This patient's MDS cells harbored D171G mutation and evolved to AML 10 months after the onset of MDS. Thus, our mouse model well recapitulated the disease phenotype and course of this patient. Expression profile has revealed that a substantial number of MDS patients with Runx1 mutations displayed Bmi1 overexpression.^[@r45])^ Indeed, co-expression of Runx1-D171N and Bmi1 induced AML with shorter latencies when compared with MDS or MDS/AML induced by the Runx1 mutant alone. Bmi1 is a component of polycomb 1 complex (PRC1) and plays important roles in inhibiting the expression of tumor suppressor genes such as p16 and p19. In fact, mouse MDS/AML induced by Runx1-D171N and Bmi1 displayed reduced levels of expression of p16 and p19. Thus, overexpression of Bmi1 would play a class I-like role by inducing cell cycling via suppression of cell cycle inhibitors p16 and p19. In summary, experimental results as well as clinical observations suggest that class II mutations induce MDS and that acquisition of additional class I mutation(s) leads to the progression of MDS to MDS/AML, although how Bmi1 or Evi1 is upregulated remains elusive.

The class I/class II hypothesis cannot explain the whole story
==============================================================

MLL1 is a methyltransferase of histone H3K4, forms a variety of fusion genes with more than 60 genes^[@r46],[@r47])^ in leukemia and was originally categorized as a class II mutation. However, most MLL-fusions are able to induce acute leukemia by itself in mouse models although there are several reports that MLL fusions collaborate with class I mutations in inducing acute leukemia.^[@r08]--[@r11])^ In addition, it is known that MLL fusions play critical roles in inducing the expression of posterior HOXA genes and Meis 1 through recruiting Menin and LEDGF to these genes.^[@r48])^ Recently, a histone 3 lysine 79 (H3K79) methyltransferase DOT1L has been implicated in MLL-AF9-induced leukemogenesis; DOT1L induces the expression of MLL-AF9 target genes through H3K79me2.^[@r49])^ These results indicate that MLL fusions are not typical class II mutations. Instead, MLL fusions should be categorized to a different entity together with some of the mutations recently identified in a variety of epigenetics-related genes as described later.

The hypothesis for the etiology of hematopoietic malignancies shown in Fig. [1](#fig01){ref-type="fig"} seemed to be consistent with the clinical observations. However, this is a simplified model, and there are obviously exceptions such as double ph1 in which two identical class I mutations (Bcr-Abl) induce blast crisis in CML, progression of MPN to AML. In addition, as described later in this review, recent technical progress in high-speed sequencing and SNP (single nucleotide polymorphism) microarray has identified a number of gene mutations in patients with hematological malignancies that are not categorized as either class I or class II mutations.

Novel mutations identified in hematological malignancies
========================================================

With the recent progress in SNP microarray and high-speed sequencing, mutations of a variety of molecules have been identified in myeloid malignancies, including AML, MDS and MPN.^[@r50]--[@r52])^ Most of the newly identified mutations are not categorized as typical class I or class II mutations and include mutations of splicing factors, epigenetic factors, signaling proteins and molecules of the cohesin complex (Table [2](#tbl02){ref-type="table"}). In addition, many patients with AML as well as MPN and MDS harbor more than two mutations. These findings have lead some researchers to propose to divide these mutations to four classes including mutations inducing clonal dominance of hemopoietic stem cells (Runx1 and TET2), those promoting a pathway to leading towards either to primary or secondary leukemia (ASXL1 and NPM1), those associated with signaling and proliferation (CBL, FLT3, JAK2, Ras), and those associated with acute phase (IDH1/2, WT1).^[@r53])^ Hoffmeister has proposed 5 classes of mutations including mutations in epigenetic molecules (class III), adhesion molecules (class IV) and DNA repair/RNA splicing (class V) in addition to classical class I and II mutations.^[@r54])^ However, these classifications were not based on the experimental results but were mostly dependent on speculation. Therefore, its biological significance awaits verification.

The novel mutations are found in a wide range of myeloid malignancies including AML, MDS, and MPN. Some mutations are specific to certain types of diseases. For instance, splicesome mutations are found in MDS more frequently than de novo AML and MPN.^[@r55])^ Moreover, among splicesome mutations, SF3B1 mutations are closely associated with a specific type of MDS, RARS (refractory anemia with ringed sideroblast); 57--75% of RARS patients harbor SF3B1 mutations.^[@r56],[@r57])^ On the other hand, SRSF2 mutations are closely associated with CMML; 28.4% of patients with CMML harbor SRSF2 mutations.^[@r57])^ EZH2 mutations are more frequently found in MDS patients and are rare in de novo AML patients.^[@r50],[@r58])^ In addition, there are some frequent combinations of mutations in AML. Currently, the biological meanings of these novel mutations and their combinations are being extensively studied in relation to the pathogenesis of myeloid malignancies as described below.

Functional consequences of newly found mutations: loss-of-function mutations
============================================================================

The pathological meanings of the newly identified gene mutations are now being extensively sought using knockout mice, knock-in mice, and mouse BMT models. Some of these mutations are thought to be loss-of-function mutations; thus knockout mice have been used for the investigation of the functional consequences of these mutations. Gene deprivation of TET2 (TET2 knockout) expanded hematopoietic stem cells (HSCs) and progenitors, eventually leading to myeloproliferation, MPN and CMML,^[@r59],[@r60])^ suggesting a class I-like feature of TET2 deprivation. Conditional knockout of the polycomb-related genes EZH2 or ASXL1 has been shown to induce MDS-like symptoms in mice.^[@r61],[@r62])^ EZH2 is a component of PRC2 and is a histone methyltransferase responsible for tri-methylation of lysine 27 of histone H3 (H3K27me3), a representative repressive mark of histone modification. ASXL1 binds EZH2 and other members of polycomb complex 2 (PRC2) and is required for PRC2-mediated gene repression.^[@r63])^ However, gene deprivation of EZH2 did not induce derepression of HoxA9 expression unlike that of ASXL1 despite the fact that EZH2 and ASXL1 collaborate in repressing gene expression through EZH2-mediated H3K27me3. Although the reason for this discrepancy are not yet clarified, an EZH2 homologue EZH1 may compensate for some functions of EZH2 in the absence of EZH2, but may not function in the absence of ASXL1. Alternatively, ASXL1 may have PRC2-independent functions as well. In fact, ASXL1-KO reduced H3K4me3 a representative positive mark in addition to H3K27me3 although the underlying molecular mechanism remains elusive.^[@r64])^ In relation to this, it is known that ASXL1 plays dual roles in inhibiting and activating the transcription.^[@r65],[@r66])^

Gene deletion of EED, another component of PRC2 complex required for EZH2-mediated H3K27me3, has been reported to induce pancytopenia and increased apoptosis via derepression of p16 and p19 tumor suppressors as well as several EZH2 target genes HoxC4, Id2, Sox7 and Noxa.^[@r67])^ In a conditional knockout mouse, hematopoietic cells quickly declined after the deprivation of EED. Therefore, the loss-of-function mutation of EED must be accompanied with other gene mutations that would rescue the survival of hematopoietic cells. As for the mutations of the molecules involved in splicing machinery, it has been suggested that these mutations either induce genomic instability or abnormal splicing of specific genes^[@r56],[@r57])^ although it is not clear whether they are loss-of-function mutations or gain-of-function mutations. Recently, it has been reported that U2AF1 mutations induces missplicing of specific genes^[@r68])^ but the relationship between the missplicing of specific genes and MDS pathogenesis remains to be clarified.

Thus, some of the newly found mutations induce MPN or MDS but not AML in mouse models, suggesting that multiple mutations would be required for AML to develop. In fact, the ASXL1 mutation or deletion and the activated form of N-Ras (N-Ras-G12V) have been shown to co-operate in inducing leukemia.^[@r63],[@r69])^ On the other hand, some mutations by themselves do not seem to induce hematological malignancies in mice, suggesting the possibility that the number of the mutations required for MDS or MPN pathogenesis may vary depending on the kinds of the mutations.

Functional consequences of newly found mutations: gain-of-function or dominant-negative mutations
=================================================================================================

Some of the newly identified mutations are gain-of-function or dominant-negative mutations. First, IDH1/2 (isocitrate dehydrogenase 1/2) mutations are gain-of-function mutations; wide type IDH1/2 converts isocitrate to α-ketoglutarate, and the mutant IDH1/2 converts α-ketoglutarate (αKG) to 2-hydroglutarate (2HG), which inhibits TET2 as well as αKG-dependent dioxygenases and histone demethylases (Fig. [2](#fig02){ref-type="fig"}).^[@r70])^ In addition, IDH1/2 mutations and TET2 mutations are mutually exclusive and both mutations induce the hypermethylation phenotype,^[@r71])^ identifying an unexpected link between IDH1/2 mutations and TET2. The most frequent mutant, IDH1-R132H, alone did not induce hematological malignancies in a mouse BMT model; however, it did collaborate with HoxA9 in accelerating the induction of MPN-like disease in the transplanted mice.^[@r72])^ Knock-in of the same mutant resulted in increased hemopoietic progenitors, but again did not induce MPN or AML.^[@r73])^ Similarly, transgenic expression of IDH2-R140Q resulted in an increased number of hemopoietic progenitor cells and aberrant hematopoiesis *in vivo*, but did not induce any hematological malignancies. Interestingly, IDH2-R140Q was found to collaborate with HoxA9/Meis1 or FLT3-ITD in inducing leukemia.^[@r74])^ In summary, IDH1/2 mutants increase the number of progenitor cells, do not induce MPN or AML on their own, but collaborate with class I-like mutations in inducing MPN or AML.

Second, mutations of SETBP1 have been identified in a variety of myeloid malignancies.^[@r75]--[@r78])^ The mutations are restricted to the SKI-homologous region, which retards degradation of SETBP1. The resulting increase in SETBP1 expression stabilizes the nuclear oncoprotein SET, which is an inhibitor of PP2A, leading to the suppression of this tumor suppressor and the activation of the intracellular signaling pathways, including the PI3K-Akt pathway. It has also been reported that SETBP1 directly activates transcription of HoxA9 and HoxA10.^[@r79])^ HoxA9 is known to confer a growth advantage for hemopoietic stem cells.^[@r80])^ In addition, as described below, SETBPT-mutant (SETBPI-MT) collaborates with ASXLT-MT in inducing AML in the BMT model.^[@r82XX])^ These results imply that the SETBP1 mutations, or overexpression of SETBP1 have class I-like features.

Third, mutations of ASXL1 in patients with myeloid malignancies are almost exclusively found in the 5′ end of the last exon. Most are frame-shift mutations, which are thought to produce C-terminal truncated forms of ASXL1.^[@r81],[@r82])^ In addition, the mutations are always heterozygous. These facts suggested that ASXL1 mutations are dominant-negative or gain-of-function mutations.^[@r83])^ Consistent with this, we have shown that bone marrow cells transduced with the C-terminal truncated ASXL1 mutant (ASXL1-MT) induced MDS-like symptoms in the transplanted mice (Fig. [3](#fig03){ref-type="fig"}).^[@r69])^ Concerning the underlying molecular mechanisms, ASXL1-MT inhibits EZH2-mediated trimethylation of lysine 27 of histone H3 (H3K27me3), derepressing posterior Hox genes, including HoxA9, as well as oncogenic miRNA miR125a. miR125a targets the expression of Clec5a/MDL1 which is required for granulocytic differentiation.^[@r69])^ In fact, the ASXL1-MT inhibition of G-SCF-induced granulocytic differentiation of 32D cells was rescued by Clec5a expression. Given that ASXL1-MT inhibited differentiation of hematopoietic cells, ASXL1-MT may play class II-like roles.^[@r69])^ Therefore, it is reasonable that ASXL1-MT collaborates with N-Ras-G12V or SETBPI-MT,^[@r82XX])^ a class I mutation, in inducing leukemia.

Fourth, a mutant of DNA methyltransferase DNMT3A-R882H induced CMML with thrombocytosis in a BMT model through aberrant DNA methylation and increased expression of several genes including MPL, the thrombopoietin receptor.^[@r84])^ DNMT3A-R882H mutant lacks the DNA methyl transferase activity but still binds the wild-type DNMT3A and DNMT3B, suggesting that R882H is a dominant-negative mutant.^[@r85])^ In addition, interestingly, DNMT3A-R882H could form a complex with cyclin-dependent kinase 1 (CDK1) with higher capacity than wild type DNMT3A, leading to increased CDK1 protein and enhanced cell cycle progression, suggesting a gain-of-function as well.^[@r84])^ Although further characterization is required, it is possible that DNMT3A-R882H plays class I-like roles.

Finally, the recently found mutations of calreticulin (CALR) always result in +1 frame shift, which results in the expression of the common novel C-terminus. Although how CALR mutations contribute to the pathogenesis of MPN remain elusive at present, these mutations have been shown to induce the activation of STAT5.^[@r29])^ In addition, CALR mutations are exclusive with activating mutations of JAK2 and MPL, indicating that the CALR mutation is a classical class I mutation. In addition to these five examples described above, mutations in splicing machinery (U2AF1, SF3B1) are thought to be gain-of-function mutations limited to particular residues that are conserved among species.^[@r68])^

In summary, functional studies of the newly identified mutations have just begun, and it is clear from the initial reports that newly identified mutations are also involved in multi-step leukemogenesis. Further research will be required to reveal the interactions among various mutations, which would like lylead to a new hypothesis for leukemogenesis.

Are multiple mutations required for pathogenesis of MDS and MPN?
================================================================

It is now well accepted that multiple gene alterations are required for leukemogenesis. Are multiple mutations required for the etiologies of MDS and MPN as well? Both MDS and MPN are sets of heterogenous diseases. As described above, there are many mouse models of MDS and MPN. In most models, a single mutant gene, such as the ASXL1 mutant, Runx1 mutant or Nup98-HoxD13 fusion gene for MDS and Bcr-Abl or JAK2V617F for MPN, was able to induce the disease by itself, with some cases progressing to overt leukemia.^[@r37],[@r44],[@r69])^ These results suggest that MDS and MPN could be induced by a single mutation or chromosomal translocation. Consistent with this idea, patients with early phase MDS, MDS-RA, harbor one or a little more than 1 mutation on average.^[@r86])^ On the other hand, more than two mutations are identified in most patients with progressed MDS (MDS-RAEB: RA with excess blasts) and MDS/AML.^[@r86])^ It is not clear at present if multiple gene alterations are required for the development of MDS or MPN, but there are some frequent combinations --- such as ASXL1 and SETBP1 or N-Ras^[@r75],[@r77])^ or RUNX1 and STAG2 or ASXL1 for MDS^[@r87])^ --- suggesting that some of these combinations functionally collaborate in MDS etiology. However, among these combinations, ASXL1-MT collaborates with the N-Ras mutant^[@r69])^ as well as the SETBP1 mutation^[@r82XX])^ in inducing AML rather than MDS, indicating that the Ras mutant or the SETBP1 mutant is required for the progression of MDS to AML but not to pathogenesis of MDS. Our result thus indicates that ASXL1-MT induced MDS as a class II-like mutation and co-operated with class I mutations in inducing acute leukemia. Based on these results, we assume that one driver mutation (class II-like) would in some cases be enough to induce MDS, and it is possible that the mutations of TET2/DNMT3A as well as splicesomal proteins inhibit the expression of important genes, leading to the loss-of-function mutations, or induce genome instability, leading to causative mutations such as ASXL1 or Runx1. In relation to this, Abdel-Wahab and colleagues have demonstrated that expression of an SRSF2 mutant in a knock-in mouse model suppressed the normal hematopoiesis in a week or so, by inhibiting E2H2 expression (personal communication). On one hand, ASXL1 mutations are frequently associated with mutations of Runx1 or EZH2. Although these mutations seemed to induce MDS in mouse models by themselves, it requires long latencies, from several months to 2 years, suggesting the possibility that additional mutations incorporated in the course of the experiment contribute to MDS pathogenesis, which is now under investigation.

Concerning MPN, it is possible that both survival and proliferative signals are required for pathogenesis. Bcr-Abl and JAK2V617F could deliver both signals simultaneously by activating multiple signaling pathways. Another important factor may be where the mutations are incorporated; Hematopoietic stem cells (HSC) has self-renewal ability while committed progenitors CMP (common myeloid progenitor) and GMP (granulocyte macrophage progenitor) do not. Indeed, Bcr-Abl can transform HSC but not CMP or GMP.^[@r88])^ Functional meanings of the combination of different mutations have to be further investigated for MPN pathogenesis. Further complexity comes from the situations where several independent clones exist in some patients, one of which could become dominant in the late phase of the disease.^[@r89],[@r90])^ Intriguingly, in some patients with MPN, one of the subclones without JAK2V617F evolves to acute leukemia.^[@r90])^

Progression of MDS and MPN to acute leukemia
============================================

It is well known that MDS and MPN frequently evolve to acute leukemia. In particular, CML eventually evolves to acute leukemia (blast crisis) in most patients after a long chronic phase. Blast crisis (CML-BC) is almost always associated with additionally acquired gene alterations including double Ph1, NUP98-HoxA9 caused by t(7;11), Runx1-Evi1 caused by t(3;21), and Runx1 mutations,^[@r91],[@r92])^ indicating that additional gene alterations are required for CML progression. Although the underlying mechanisms for the up-regulation remains elusive, up-regulation of Musashi 2 or Hes1 has been shown to play a critical role in CML-BC by inhibiting the differentiation of CML cells.^[@r93],[@r94])^ It is conceivable that overexpression of Musashi 2 or Hes1 plays class II-like roles and co-operates with BCR-ABL a class I mutation in inducing CML-BC (Fig. [1](#fig01){ref-type="fig"}). Unlike CML, probabilities of leukemic transformation of other MPNs are relatively low (few %).^[@r90])^ It has been recently reported that the presence of two or more mutations reduced overall survival and increased the risk of transformation of MPN into AML.^[@r90])^ Interestingly, the number of mutations did not significantly change between early and late MPN samples, and most somatic mutations were present when the diagnosis of MPN was made. These results suggest that unlike CML, other MPNs (PV, ET and CMF) already harbor the set of mutations at diagnosis, that the diseases do not induce genome instability, and that leukemic transformation is predetermined by the combination of mutations at diagnosis. For example, somatic mutations in TP53 and TET2 at diagnosis were reported to be associated with the risk for leukemic transformation. Thus, information about the mutations at diagnosis would be clinically important in choosing therapeutic strategies, including stem cell transplantation.

The situations are completely different in MDS; the number of mutations seems to increase with the disease progression.^[@r86],[@r95])^ Interestingly, the additionally acquired mutations in patients with MDS-RAEB and those with MDS/AML are mostly class I mutations, including FLT3-ITD, cKit-D816 mutations, and N-Ras mutations.^[@r95])^ Recently, high-speed sequencing has shown that Runx1 and SMC3 mutations could also be acquired in some patients in the progression of MDS to AML in addition to class I mutations such as WT1 and PTPN11.^[@r89])^ Among gene alterations found in MDS, mutations of the genes involved in DNA methylation and mRNA splicing --- including TET2, IDH2, DNMT3a, SF3B1, and U2AF1 --- are thought to be present in the early phase of the disease. On the other hand, mutations of molecules involved in signaling, such as N-Ras and c-Kit, are thought to be acquired in the late phase.^[@r87],[@r95])^ As discussed above, the preceding mutations in the molecules involved in DNA modification and RNA splicing might induce genome instability, leading to acquisition of additional or causative mutations in the later phase of the disease. The fact that TET2/DNMT3a and splicesome mutations are found in MDS patients more frequently than in MPN patients is consistent with the above findings that MDS patients tend to acquire additional mutations during the course of the disease, leading to the leukemic transformation.

Conclusion
==========

In this article, we have reviewed the relationship between hematopoietic malignancies and the mutations identified in various molecules. In principle, all mutations will contribute to the pathogenesis through altering the gene expression, either down-regulation or up-regulation. In particular, mutations in epigenetic factors and splicing machinery could lead to changes in the expression levels of a wide variety of genes. So it is possible that the disregulated expressions of multiple genes, caused by a mutation of one protein, would collaborate in inducing hematological malignancies.

Newly identified mutations have been seen as distinct from "classical" class I or class II mutations. However, some of them could be categorized as either class I or class II mutation. For example, as we demonstrated, the truncated mutant of ASXL1 (ASXL1-MT) blocked granulocytic differentiation, induced an MDS-like disease in the transplanted mice and collaborated with the active mutant of Ras (class I mutation) in inducing leukemia,^[@r69])^ indicating that ASXL1-MT is equivalent to the "classical" class II mutation. SETBP1 mutations protect SETBP1 from protein degradation and increase its expression levels, leading to PP2A inhibition and activation of the PI3K-Akt pathway, which induces cell cycle progression, suggesting that this mutation belongs to class I.^[@r75],[@r77])^ Intriguingly, we have recently found that SETBPI-MT is found almost exclusively in advanced MDS patients harboring ASXLI-MT, and that the combination of the SETBP1 mutant and ASXL1-MT, and that quickly induced AML in the transplanted mice.^[@r82XX])^ These results match well with the original hypothesis (Fig. [1](#fig01){ref-type="fig"}). However, many examples do not match the class I/class II hypothesis. For example, the IDH1 mutants increased the HSC number, suggesting the class I-like feature of the IDH1 mutant, but did not induce any disease on their own.^[@r71]--[@r73])^ Combination of the IDH1 mutant and HoxA9 accelerated MPN in mice.^[@r74])^ Together, the IDH1 mutant could be a "weak" class I mutation. On the other hand, the combination of the IDH1 mutant and either HoxA9/Meis1 or FLT3-ITD induced AML in mouse models,^[@r74])^ suggesting that the IDH1 mutant also has a class II-like feature.

Thus, it would be difficult to classify the mutations by two simple cell fates (induction of proliferation and inhibition of differentiation) caused by the mutations. To understand the molecular basis of hematological malignancies, we might do better to classify the cell fate into 4 categories, including proliferation, cell survival, block of differentiation, and immortalization. These cell fates are determined by the changes of gene expression profiles caused by a variety of mutations identified in hematological malignancies (Fig. [4](#fig04){ref-type="fig"}). In addition, the disease phenotypes will be determined by the combinations of the cell fate changes. For example, the combination of proliferation and immortalization will lead to the development of MPN, and the combination of either cell survival or immortalization and block of differentiation may lead to the development of MDS. In addition, we also have to take into account the cell origin of mutations; hematopoietic stem cell but not progenitors already have self-renewability and may not need the immortalization process. Recent progress in gene set enrichment analysis and gene ontology analysis will greatly contribute to our ability to correlate the changes in cell fate with those in gene expression profiles of hematological malignancies, eventually leading to the comprehensive understanding of the molecular basis of these diseases.
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![Class I/class II hypothesis for leukemogenesis. Class I mutations Bcr-Abl or JAK2-V617F induce CML or MPN, respectively, and class II mutations such as Runx1 mutations, Nup98-HoxA9 and Runx1-Evi1 play crucial roles in inducing blast crisis of CML. Hes1 overexpression may also play roles as a class II mutation by suppressing C/EBPa. On the other hand, class II mutations such as Runx1 mutations induce MDS. Class I mutations including FLT3-ITD and activating mutants of N-Ras may play roles in the progression of MDS to leukemia. Overexpression of Evi1 or Bmi1 may play class I-like roles by repressing PTEN or p16/p19, respectively.](pjab-90-389-g001){#fig01}

![An example of gain-of-function mutations.](pjab-90-389-g002){#fig02}

![Expression of the ASXL1 mutant with C-terminal truncation induced MDS-like diseases in mouse BMT model. Left panel: After transplantation of mouse bone marrow cells transduced with the ASXL1-MT, the transplanted mice developed MDS-like with long latencies. Right panel: These mice displayed morphological abnormalities of myeloid cells typical for MDS including Pelger-Huet anomaly, and hypersegmented nuclei of neutrophil, and polychromasia, Howel-Jolly body and anisopoikilocytosis of erythrocytes.](pjab-90-389-g003){#fig03}

![Molecular basis of hematological malignancies: working hypothesis. Disease phenotypes are determined by the disregulated expression of various genes caused by a variety of gene mutations. We assume that biological outcomes caused by the disregulated expression are determined by but are more important than the kind of mutant genes when we think about the molecular basis of hematological malignancies. "Proliferation" is caused by strong class I mutations while "survival" may be caused by weak class I mutations. "Immortalization" is caused by class II mutations while differentiation block may be caused by weak class II mutations.](pjab-90-389-g004){#fig04}

###### 

Classification of mutations found in hematological malignancies

  ------------------------------------------------------------------------
  Class I mutations (induce proliferation or inhibit apoptosis)
   FLT3-ITD, cKit, PDGFR, TEL-PDGFR, FGFR
   JAK2, JAK3, Bcr-Abl
   N-Ras, K-Ras
   p53, NF1
  Class II mutations (inhibit differentiation or induce immortalization)
   Runx 1/AML1, PU1, C/EBPα
   MLL fusions, PML-RARα, AMΛ1--ETO
  ------------------------------------------------------------------------

###### 

Novel mutations identified in hematological malignancies

  --------------------------------------------------------
  Spliceosomal proteins:
  SF3B1, SRSF2, U2AF1, ZRSRS2, SF3A1, U2AF65, SF1
  Epigenetic factors:
  TET2, IDH1/IDH2, ASXL1/ASXL2, EZH2, DNMT3A, EED, Suz12
  Signaling proteins:
  CBL, Calreticulin (CALR), SETBP1, GNAS, RHOA
  Cohesin complex and related proteins:
  STAG2, SMC1A, SMC3, RAD21, CTCF1
  --------------------------------------------------------

[^1]: (Communicated by Kumao TOYOSHIMA, M.J.A.)
